Figure 1 | Annotated screenshot of the Human Epigenome Browser displaying the epigenomic landscape of bivalent domains. Genomic heatmap containing 40 datasets covering three genomic regions (coordinates and annotation tracks with known genes are diagrammed at the bottom) displaying H3K4me3 chromatin immunoprecipitation-sequencing (ChIP-seq) data (brown), H3K27me3 ChIP-seq data (red), methylation-sensitive restriction enzyme sequencing (MRE-seq) data (blue) and methylated DNA immunoprecipitation sequencing (MeDIP-seq) data (purple). One pixel spans 195 base pairs. Metadata heatmap (right) shows epigenetic marks and sample types. For 'brain,' shown are substantia nigra (yellow), hippocampus (middle portion; orange) and anterior caudate (blue). For 'institution,' shown are University of California San Francisco (yellow), University of California San Diego (blue) and Broad Institute (orange). Statistical correlation track displays Pearson correlation coefficients calculated between H3K4me3 track of H1 embryonic stem cell (ESC) track and all other tracks. 
Benchmarking a luciferase complementation assay for detecting protein complexes
To the Editor: Mapping protein-protein interactions (PPIs) has proven instrumental in functional proteomics. Large PPI databases have been established by literature mining or using high-throughput screening methods; this information requires cross-validation to increase coverage and accuracy. Previously published papers in Nature Methods have argued for the use of defined reference sets for the benchmarking of screening methods for PPIs 1,2 .
Here we describe a high-throughput system for orthogonal validation of PPI datasets, and we benchmark its performance against newly curated and previously reported reference sets. Based on a previously reported PPI-detection assay relying on complementation of split Gaussia princeps luciferase 3 , we engineered two mammalian expression vectors for high-throughput PPI detection (Supplementary Fig. 1) . In this assay, we monitored PPIs by measuring interaction-mediated normalized luminescence ratio (NLR; Fig. 1a,b) . We benchmarked the accuracy and sensitivity of this system using an a priori 'negative' or non-interacting set of 100 random human protein pairs (the random reference set, RRS) and a positive or interacting set composed of 143 PPIs from NF-kB, IFN-a/b and TGF-b pathways supported in the literature by at least three different experimental methods 4 (the positive reference set, PRS). We observed a clear segregation between NLR distribution histograms for these two reference sets (Fig. 1c) . The NLR cutoff for non-interacting protein pairs was set at 3.5, a stringent value reducing false positive background below 2.5% (Fig. 1c) . The assay sensitivity, estimated as the percentage of interactions with a NLR > 3.5 in the PRS, was equal to 74% (Fig. 1c,d Tables 2-7 ). These recovery rates (74% and 82%) outperformed those obtained in other PPI-detection assays evaluated in hundreds of datasets from a single-nucleotide to a whole-genome view (Supplementary Fig. 5 ). Data tracks can be sorted, organized, dragged and dropped individually or by any combination of their metadata. Investigators can also toggle between heatmap views and typical track-based 'wiggle' views ( Supplementary Figs. 1 and 6) . In addition, investigators can visualize data for selected genomic features (for example, promoters), any set of genes or genomic coordinates or any pathways which are dynamically obtained from popular pathway resources (for example, Kyoto Encyclopedia of Genes and Genomes). Investigators can also apply standard statistical analysis and display the results graphically on the browser (Supplementary  Fig. 2 ). These features help investigators quickly develop hypotheses and create biological insights from genome-scale data, as illustrated in an example in which we identify the tissue-specific DNA methylation pattern of a long terminal repeat (LTR) retrotransposon (Supplementary Fig. 7) .
We used the browser to display the epigenomic landscape of three genomic domains around genes involved in the development of embryonic stem cells and multiple somatic tissues (Fig. 1) . These domains are termed 'bivalent' because they have both active histone H3 Lys4 trimethylation (H3K4me3) and repressive H3K27me3 histone modifications in embryonic stem cells 4 . The H3K4me3 mark also correlated strongly with unmethylated DNA. In differentiated cells, however, H3K4me3 or H3K27me3 signals were selectively lost, consistent with keeping some developmental genes on and others off in specific cell types. The extent and scope of change is cell type-specific, as illustrated by the differences in loss of H3K27me3 in the HOXA cluster, which were also accompanied by differences in gain of DNA methylation. Notably, several somatic cell types maintained bivalency at certain loci for which bivalency is associated with embryonic cell state, suggesting new roles for these developmental genes in these tissues.
The Human Epigenome Browser currently hosts close to 1,000 epigenome datasets from more than 100 human cell and tissue types from the Human Epigenome Atlas, and another 7,000 datasets from the Encyclopedia of DNA Elements project (Supplementary Methods). This includes an increasing number of full base-resolution DNA methylomes, profiles of 26 different histone marks, locations of open chromatin, small RNA and strand-specific mRNA-sequencing-based expression, and RNA splicing profiles. We used advanced, multiresolution data formats 5 , which require minimal system resources and support remote data access. This allows investigators to display their own genomewide data and metadata on the browser as custom tracks for direct comparison with the reference epigenomes, without having to transfer the entire dataset to the browser. The browser can be easily expanded to support any sequencing or array-based genomics projects including those that focus on human diseases. We expect that it will be used as a widely accessible tool to derive biological insights from the unprecedented amount of high-quality genomic, epigenomic and expression data.
